Design of a robotic cell for hydraulic pipes moulding by Bartošek, Jindřich
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ
BRNO UNIVERSITY OF TECHNOLOGY
FAKULTA STROJNÍHO INŽENÝRSTVÍ
ÚSTAV VÝROBNÍCH STROJŮ, SYSTÉMŮ A
ROBOTIKY
FACULTY OF MECHANICAL ENGINEERING
INSTITUTE OF PRODUCTION MACHINES, SYSTEMS AND
ROBOTICS
DESIGN OF A ROBOTIC CELL FOR HYDRAULIC
PIPES MOULDING
DESIGN OF A ROBOTIC CELL FOR HYDRAULIC PIPES MOULDING
DIPLOMOVÁ PRÁCE
MASTER'S THESIS
AUTOR PRÁCE JINDŘICH BARTOŠEK
AUTHOR
VEDOUCÍ PRÁCE Ing. ALEŠ POCHYLÝ
SUPERVISOR
BRNO 2009
 
Vysoké učení technické v Brně, Fakulta strojního inženýrství
Ústav výrobních strojů, systémů a robotiky
Akademický rok: 2008/2009
ZADÁNÍ DIPLOMOVÉ PRÁCE
student(ka): Jindřich Bartošek
který/která studuje v magisterském studijním programu
obor: Stavba výrobních strojů a zařízení (2302T019) 
Ředitel ústavu Vám v souladu se zákonem č.111/1998 o vysokých školách a se Studijním a
zkušebním řádem VUT v Brně určuje následující téma diplomové práce:
Design of a robotic cell for hydraulic pipes moulding
v anglickém jazyce:
Design of a robotic cell for hydraulic pipes moulding
Stručná charakteristika problematiky úkolu:
The main objective of this thesis is to design a robotic cell for hydraulic pipes moulding. Further,
as a part of the work, there is a design of all respective work piece flows within the environment of
the robotic cell – mainly the input of semiproducts to the cell and the output of finished products.
Concerning the cell, all safety standards should be taken into consideration.
Cíle diplomové práce:
1. Proper selection of the robot – KUKA, ABB or FANUC.
2. Robotic cell design.
3. Clamping devices and robot end effector design.
4. Robotic cell simulation.
Seznam odborné literatury:
1.  PIRES, J. N. Industrial Robots Programming: Building Applications for the Factories of the
Future. Springer, 2007. 282 s. ISBN 978-0-387-23325-3
2.  WOLF, A., STEINMANN, R. SCHUNK, H. Grippers in Motion: The Fascination of
Automated Handling Tasks. Springer, 2005. 242 s. ISBN 978-3-540-27718-7
Vedoucí diplomové práce: Ing. Aleš Pochylý
Termín odevzdání diplomové práce je stanoven časovým plánem akademického roku 2008/2009.
V Brně, dne 25.11.2008
L.S.
_______________________________ _______________________________
Ing. Petr Blecha, Ph.D. doc. RNDr. Miroslav Doupovec, CSc.
Ředitel ústavu Děkan fakulty
Institute of Production Machines, Systems and Robotics 
 
MASTER THESIS 
Page  1  
 
Abstrakt 
 
Předmětem této diplomové práce je návrh robotické buňky pro tvarování 
hydraulických trubek. Práce obsahuje analýzu technologie tvarování trubek a 
zdůvodnění potřeby automatizace celého procesu. Z návrhů jednotlivých 
konstrukčních uzlů byly vybrány nejvhodnější řešení a ty pak byly aplikovány při 
konstrukci buňky. Robotická buňka byla navržena s ohledem na bezpečnost provozu, 
funkčnost a jednoduchou ovladatelnost. Na závěr je vypracováno ekonomické 
zhodnocení projektu. K práci je přiložen návod pro ovládání, výkresová 
dokumentace, model buňky a výsledky simulace. 
 
Abstract 
 
The main objective of this thesis is a design of robotic cell for hydraulic pipes 
moulding. This work contains an analysis of pipe moulding technology and 
explanation of process automation. The most appropriate solutions of the cell design 
nodes were selected from the concept solutions and they were applied in the cell 
design. The cell was projected in the light of safety of operation, functionality and 
simple control. The economic evaluation is worked up in the conclusion. The cell 
guide, drawings, model of cell and results of simulation are enclosed to the appendix. 
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1. Introduction 
 
Increasing complexity of hydraulic pipes shape leads producers to situation, 
where it is impossible to continue with manual production. The main objective of this 
thesis is to find best possible solution of this process automation.  
According to the assignment, the workcell with a single industrial robot has to 
be used. It is very important to manage the technology of hydraulic pipes moulding, 
where, consequently, the proper function of workcell has to be ensured and all 
necessary safety issues have to be taken into consideration. The detailed design of 
workcell particular components stands on the second place. 
This work is focused mainly on practical issues and the assignment can be 
considered as a very particular and actual with respect to the current demands from 
industry. The results of this work can be directly used for a real robotic cell design, 
assembly and setting-up the cell, etc. According to experience of specialists from 
Blumenbecker Prag., there is no known robotic cell capable to manage the task 
described in this work. It makes this work unique, because a new procedure has to 
be developed. 
The key component in the cell operating principle is robot end-effector design. 
The solution should be simple and purposeful in order to reduce technology 
complexity as much as possible. In addition, the level of automation has to be chosen 
at this stage. The work has to be split between a robot and a human power. 
The next step is a robot selection procedure. Industrial robots from three main 
manufacturers (KUKA, ABB and FANUC) and its respective parameters are carefully 
studied and the robot selection procedure is based mainly on the fact how the robot 
can fulfill  the specific technology requirements. The robot price is always significant 
part of the total cell cost, therefore, the robot price is also considered as a criterion 
for a robot selection.. 
The piece flow between a robot and a worker has to be assured. A 
workholding device attached to a rotary turntable is probably the best possible 
solution. The workholding device has to safely clamp all versions of forming frames 
and provide a simple piece replacement. 
During the whole design process, the cell safety has to be taken into 
consideration. All predictable hazardous situations have to be avoided but the cell 
control should be still comfortable enough and simple as possible. The cell safety 
issue is based mainly on the following safety standards: ČSN EN ISO 14121-1/2, 
ČSN EN ISO 13 849-1 and ČSN EN ISO 10218-1, where particular safety systems 
are proposed mainly on the basis of Sick and Schmersal safety products. 
In the last step, the cell simulation should be done to ensure that selected 
technology will be applicable and cycle time will not exceed an allowed value. The 
robot reachability study is also an important part of this work, because it will be 
difficult to estimate robot position only on the base of robot working envelope. 
In the last chapter the economic evaluation will be done.   
Concerning the robotic cell design, the main objectives (planned outputs) can 
be summarized as follows:  technology analysis, robot selection, design of robot end-
effector, design of workholding device, turntable selection, safety system study and 
safety system proposal, simulation study (kinematical study), robot programming, 
robot cell control study, economic evaluation, robot cell layout proposal (2D/3D), cell 
guide, cell wiring scheme and drawings of turntable assembly and workholding 
device assembly. 
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2. Hydraulic pipes moulding technology 
2.1. Introduction to the technology 
 
Hydraulic actuators are important sources of the mechanical energy in many 
different fields of industry, e.g. automobile industry. The biggest advantage of 
hydraulic energy is reliability and very good mass/ power ratio. Despite is hydraulics 
replaced with an electric energy where possible, there are still branches, which are 
hydraulic domain. Nowadays there are much stricter requirements for pipe shape and 
quality of used materials. Precisely shaped pipe can save space and selection of 
material has critical impact to product lifetime. Old methods of pipes shaping are very 
often insufficient and new methods have to be developed. 
Pipes used in our case are made from pliable rubber. This material holds 
shape after vulcanization in the furnace. In order to prevent pipe wall to collapse 
during process of vulcanization a teflon pliable stick is put through hydraulic pipe as 
shown on Fig. 1. Basic technology principle is to mould pipe with stick into forming 
frame with shape corresponding to final shape of pipe. Resulting product of moulding 
is vulcanized in the furnace for several hours. It is taken out and when frame become 
cooler, pipe is pulled out of it. Forming frame and teflon stick can be used for the next 
batch. Pipe is tested for leaks and it is sent for further manufacturing. 
 
Fig. 1 – Section view of hydraulic pipe with teflon stick 
 
2.2. Hydraulic pipes moulding automation 
 
Across different branches of industry, there is a permanent need of 
productivity, safety and reliability increase at the lowest costs possible. With a 
production variability and complicatedness there goes hand in hand production 
complexity magnification. Hence, amount of operations, which cannot be managed 
even by very skilled worker is increasing. Our problem includes one of those 
situations, where manpower is inappropriate or even impossible to use. 
In most cases, the automaton is engaged where amount of production does 
not allow usage of manual work force because of economic perspective or where 
technological intensity is too high. The decision to automate production is mostly 
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motivated by lowering costs or decreasing number of mistakes during process. 
Hydraulic pipes moulding is quite different task. 
The stiffness of pipe material combined with teflon stick is not very high. 
Workforce managed similar tasks in past but increasing complexity of resulting pipes 
leaded to increasing complexity of forming frame. The current shapes are impossible 
to mould by hands, because forces exerted by fingers and wrists of worker exceeds 
allowed limit. It is incredibly difficult for human worker to manage more than 
approximately fifty pieces per day without permanent health damage. 
This can be considered as a situation where automation is manly intended for 
replacing heavy manual work because the worker is not able to do its work 
continuously in a longer period. The economy long-term return stands on the second 
place. 
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3. Robot selection 
3.1. Introduction 
 
This chapter goal is proper robot for hydraulic pipes moulding selection. As is 
mentioned in the thesis assignment, we should choose between three very well 
known robot producers ABB, Fanuc and Kuka. One robot from each of assigned 
companies is chosen into basic selection. The selection criteria are chosen in order 
to be relevant according to cell needs. Therefore all robots are 6 axis arc welding or 
handling robots with jointed-arm kinematics and with maximal payload on wrist of 
about 16kg. The selection criteria are discussed more in detail in the chapter 
“Selection criteria description”. 
3.2. ABB IRB 2400-16 basic information 
 
ABB IRB 2400-16 is very popular robot model in its class. It is suitable for 
many different applications like arc welding, cutting, glueing, grinding and material 
handling. Maximal payload of 20kg and reach of 1,5m makes this robot very suitable 
for our task. The main weakness is lower reach ability of A5 axis. 
The price of robot with color touchpendant and control cabinet is 39000 euro. 
Programming software is distributed for free. The price is provided by ABB group for 
April 2009. 
 
 
 
 
 
Fig. 2 - IRB 2400-16 working range and load diagram (ABB Group) 
 
3.3. FANUC 120iBe basic information 
 
Fanuc 120iBE is welding dedicated robot and hence it has very good reach 
ability. Little different construction of fifth axis makes it very interesting option to other 
robots. The maximum payload on wrist 20kg and reach ability about 1,7m are 
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approximately same like IRB 2400. The main disadvantage of this robot is quite 
uncomfortable programming interface. 
The price of robot with black and white touchpendant, control cabinet and 
programming software is 38900 euro. The price is provided by Blumenbecker Prag. 
s.r.o. for April 2009. 
 
 
 
Fig. 3 - Fanuc 120iBE working range and main dimensions (Fanuc LTD.) 
 
3.4. Kuka KR-16 basic information 
 
KR-16 is Kuka alternative to ABB IRB 2400. The robot is for instance 
appropriate for handling, assembly, machining, arc welding and glueing applications. 
Between its strengths belong balanced properties and low price. The weakness is 
lower A5 reach ability than Fanuc model. 
The price of robot with color touchpendant and control cabinet software is 
38900 euro. Programming software is distributed for free The price is provided by 
Blumenbecker Prag. s.r.o. for April 2009. 
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Fig. 4 - Kuka KR-16 working range and main dimensions (KUKA Robot Group) 
 
3.5. Joined arm kinematics structure 
 
Joined arm kinematics structure is the most common configuration of industrial 
robot kinematical chain. All the axes are rotary and they are driven by AC 
servodrives. This kind of configuration has several great advantages. 
Firstly, the very good reach ability with respect to axis dimensions in all 
directions. The absence of linear movements very simplifies transmission system. 
Last, but not least, important advantage is that kinematical chain is suitable for 
comfortable inverse kinematics evaluation. These advantages make this structure the 
most suitable for majority of the industrial applications including hydraulic pipes 
moulding. 
Six axes joined arm kinematics structure axes distribution is on Fig. 5. The 
axes are divided into two groups. First three axes are main axes and second three 
axes are wrist axes. The main axes take most of the payload and very often some 
additional loading. The wrist axes have priority in movement, because they are more 
agile and fast. This is one of causes why are wrist axes properties very important for 
robot selection procedure.  
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Fig. 5 - Jointed-arm kinematics (KUKA Robot Group) 
 
3.6. Selection criteria description 
 
The best robot for hydraulic pipes moulding is selected according several 
criteria. The importance of each individual parameter is evaluated by weight so the 
more important criterion has therefore more decision-making value. Criterion optimal 
value is provided in cases where was possible to determine it. Selection criteria as 
well as they optimal values are based on mainly practical robot programming 
experience acquired in Blumenbecker Prag. laboratory, where were moulded 
prototypes of forming frames. The information about weights of main criteria and 
optimal values are listed in Tab.  1. More details about parameters are discussed 
below. 
A4 axis range optimal value was experienced as lowest value allowing 
comfortable programming. It should guarantee reachability of every necessary 
position without need of interrupting program and overrevving axe into reachable 
position. Very important is axe initial position. It can be easily concluded on a base of 
forming frame shape. The frame construction shows that there is necessary to 
overturn A4 axis over 360 deg. Optimal value of 540 deg is selected, if 180 deg 
backup is taken into consideration. A6 axis situation is similar. If initial position is well 
chosen, the range of 540 deg is sufficient.  
A5 axis range criterion is probably most important parameter from reach ability 
point of view. Hydraulic pipes moulding final stage is the very critical place common 
for the most of the pipes shapes. There is very usual abrupt change in trajectory 
where all wrist axes are fully charged. Only in case of axis A5 it is moved very close 
axis endstop (See Fig. 6). Hence, A5 range has very high importance.  
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Fig. 6 - Final stage of hydraulic pipes moulding (Blumenbecker Prag.) 
 
The next region of selection criteria are A4 and A6 axes speeds. The 
bottleneck of this process productivity is speed of A4 axis. The most of trajectory 
optimalization are done in order to reduce it as much as possible, because A4 speed 
problem can be effectively fixed or at least reduced at all documented cases. The 
problems with A4 axis and A6 axis are very close connected. Hence, solution of 
problem with A4 axis is very often solution also for A6 axis. As there is no optimal 
value or speed so the rule faster is better is applied.  
The wrist payload size is another very important parameter. In case of this 
criterion, compromise cannot be made, because robot without strength to bend pipes 
is not applicable. Therefore, it is very important to determine strength required for 
bending very carefully. Because there is no simple scholastic method of required 
payload determination, it is necessary to estimate payload and verify it 
experimentally. Four test samples were moulded with robot Kuka KR-16 at 
Blumenbecker Prag. robotic laboratory and this robot was confirmed as sufficient. 
Therefore, optimal value of wrist payload was set to 16 kg.  
Path repeatability is very important parameter indicating how precisely is robot 
able to follow same path. Unfortunately, this value is not provided by most of robot 
producers but they provide another parameter – point repeatability. It is value, 
indicating robot ability to reach same position on each occasion with some accuracy. 
The requested path repeatability is about ±1mm. Because the value of path 
repeatability is up to ten times higher than value of point repeatability, the point 
repeatability about ± 0,1mm is set as next criterion. 
The robot weight is seemingly not very important, but there is important 
information hidden under this simple parameter. With the increasing weight of robot 
arms, there is more energy necessary for obtaining some movement. It means that 
usage is more expensive. Heavier construction has also more requirements for robot 
base. 
Last but one criterion is very often the most important one. The robot price is 
very significant part of cell total price. It usually takes about half of cell cost. Listed 
robot prices were acquired by Czech representation of ABB and Blumenbecker 
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Prague. Former provided price of ABB model. Latter provided prices of Kuka and 
Fanuc robots.  
Concluding parameter is programming comfort. Good programming interface 
increases programmer’s productivity and decreases probability of mistake and 
collisions. There are significant differences between robots. ABB and Kuka have 
user-friendly programming interface and color touchpendant. Fanuc interface is more 
difficult to understand and there is only black and white touchpendant in basic 
equipment. 
 
 Weight Optimal value 
A4 axis range [deg] 1 ~ 540 
A5 axis range [deg] 3 ~ 280 
A6 axis range [deg] 1 ~ 540 
A4 axis speed [deg/s] 2 N/A 
A6 axis speed [deg/s] 2 N/A 
Wrist payload [kg] 3 16 
Repeatability [mm] 1 0,1 
Weight [kg] 1 N/A 
Price [euro] 3 N/A 
Programming comfort 2 Very good 
  
Tab.  1 - Selection criteria Weight and Optimal value 
 
3.7. Robots evaluation 
 
The robot evaluation is listed in Tab.  2. In columns to the right from robot 
criterion is score/score multiplied by weight. Items are evaluated with three points for 
Very good score, two points for good score and one point for average score. 
Total results are very balanced. There is no robot inappropriate for our task. 
From kinematical point of view is Fanuc best option and worst option is ABB. Kuka is 
the most economical option, ABB is about 900 euro more expensive. 
Absolute winner is robot Kuka with very balanced properties. The robot will be 
used in workcell. Design of end effector and clamping device will be optimized in 
order to meet needs of this robot. 
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  ABB IRB 2400/16 S/WS KUKA KR16 S/WS FANUC 120iBe S/WS 
A4 axis range [deg] 400  2/2 700  3/3 800  3/3 
A5 axis range [deg] 240  1/3 260  2/6 360  3/9 
A6 axis range [deg] 800  3/3 700  3/3 900  3/3 
A4 axis speed [deg/s] 360  3/6 343  3/6 350  3/6 
A6 axis speed [deg/s] 360  3/6 362  3/6 340  3/6 
Wrist payload [kg] 20  3/9 16  3/9 20  3/9 
Repeatability [mm] ±0,06  3/3 ±0,1  3/3 ±0,08  3/3 
Weight [kg] 380  1/1 235  3/3 320  2/2 
Price [euro] 39000  2/6 38100  3/9 38900  2/6 
Programming comfort Very good  3/6 Very good  3/6 Average  1/2 
TOTAL POINTS ABB 42 KUKA 54 FANUC 49 
 
 
Tab.  2 - Robot evaluation table, S/WS is score/weighted score (ABB Group, Fanuc LTD., Kuka 
Robot Group) 
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4. Design of robot end effector 
4.1. Introduction 
 
Concept of hydraulic pipes moulding as is presented in this thesis is probably 
unique. There is no known company providing this technology or if there is some, 
they keep it in secret. Design of end effector is at this case the very principle of the 
technology. Therefore, there were made no assembly variants. The end effector was 
constructed to be cheap, light and as simple as possible. 
The only variable is shape of the moulder disc. It is discussed in chapter 4.3. 
 
 
Fig. 7 - Assembly of end effector - Moulder 
 
4.2. End effector operating principle 
 
The operating principle is obvious from Fig. 6. The moulder assembly is 
attached to mounting flange on sixth robot axis. The moulder disk is rolling on 
hydraulic pipe and press it against forming frame. Pipe is moulded into shape of 
frame. The moulder disk has to be pressed against pipe all the time in order to 
prevent it from moving out. 
It is very hard to imagine whole procedure only on basis of text description. 
For better understanding follow simulation chapter and movies in Appendix 8. 
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4.3. Moulder disc shape 
 
Moulder disc shape has significant influence for strategy of robot programmer 
and moulding process efficiency. In the next text, there will be described properties of 
few shape concepts. Unfortunately, field tests were done only with shape number 
one and therefore we can only estimate the best solution. 
Shape number 1 is very simple and practical. It is easy to manufacture and big 
advantage is that there is small contact surface so it can easily slide over pipe and it 
does not scratch its surface. The biggest disadvantage of this solution is insufficient 
leading of pipe. This disadvantage is fixed by solution 2, where the shape is part of 
circle and shape radius is same as radius of pipe. The leading of pipe is so very 
precise. The third shape was developed as compromise between solution one and 
two. It has good leading properties and lower contact surface than solution 2. 
As was mentioned in the beginning of chapter, field tests were made with 
solution one. The results were good but there were problems with leading of pipe 
therefore solution one is not suitable. The solution two was finally chosen, because 
the shape is much simpler than at third case and it still should be sufficient.   
 
 
 
 
Fig. 8 - Moulder disc shapes 
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5. Moulding process study 
5.1. Forming frame design 
Though forming frame design is not part of this thesis, short description of its 
most important parts is necessary in order to understand connections in moulding 
process and the cell design correctly. Forming frame description is shown on Fig. 9. 
The important parts are shown in different colors. 
The main part of assembly is composed of green clamping plate welded 
together with yellow body. All parts are made from stainless steel in order to 
guarantee long lifetime in higher temperatures. 
The orange spacer ring can be shifted in order to adjust length of pipe starting 
part. It is fixed with red safety worm screw. The whole assembly of forming plate is 
connected with workholding device by clamping plate. Bolts pushed in indexing holes 
assure a precise position in the workholding device. 
The correct position of the pipe in the frame is checked through a check 
groove. Next to the check grove is a holding slot. There is clamp at the workholding 
device, which secures the moulded pipe against shifting through the holding slot. 
 
 
Fig. 9 - Forming frame description (Blumenbecker Prag.) 
 
5.2. Forming frame variants 
 
There are more possible frame shapes and most of them are very similar as 
studied in this case. It is beyond possibilities of this thesis to study all of them.  
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There is a prototype frame on Fig. 10. One important fact is that all shapes 
should have same dimensions regarding the entrance area. The workholding slot 
(which is absent on the prototype frame) should be located at the same place in 
reference to the clamping plate. The same dimensions of clamping plates and 
positions of indexing holes are platitude. 
 
 
Fig. 10 – Forming frame prototype, shape 2 (Blumenbecker Prag.) 
 
5.3. Moulding process kinematical study 
 
In order to ensure a correct design of the workholding device, it is necessary 
to study movement of a robot during the process of moulding. The best possible 
solution is a simulation of kinematics. If the simulation is correct, it is possible to 
eliminate possible collisions and avoid robot singular positions. In such difficult case 
complex simulation is hardly possible without very sophisticated tools. Hence a 
graphical kinematical study was done to provide a model of the robot kinematical 
behavior.  
The output of the kinematical study is on Fig. 11. There are two curved lines 
connected together with dash-and-dot lines. Blue curve shows position of A5 axis 
heel during simulation, green curve shows a position of the robot end effector during 
same process. The position of a A5 heel reference point and a robot end effector 
reference point is shown on Fig. 12. Dash-and-dot lines connect corresponding 
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points on both lines, so it is called a connection line.  If the end effector reference 
point and the A5 heel reference point lies on intersection of the same connection line 
with adequate curves, the robot end effector has the correct orientation in two 
directions against a cutout in the forming frame. There is one free degree of freedom 
left.  It is taken by orienting of the moulder disk in a tangential direction to the green 
curve at the point of intersection.  
These lines are source information for the precise work envelope of last two 
axes A5 and A6. The work envelope is in fact border of collision area and it is very 
important for the workholding device design and adjustment of the end effector. 
Work envelope can be created by sweeping of last two axes silhouette along 
blue line and green line. Unfortunately, resulting geometry collides with itself and it is 
not permissible in modeling tool used in this case. Therefore, it is necessary to model 
all possible situations manually.  
The results of this kinematical study are applied in chapter 6.1 and in chapter 
10. 
 
 
Fig. 11 - Trajectories of robot A5 axis heel (blue) and robot end effector (green) (Blumenbecker 
Prag.) 
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Fig. 12 - Reference points (Kuka Robot Group, Blumenbecker Prag.) 
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6. Workholding device design 
6.1. Workholding device requirements 
 
Workholding device assembly is the most problematic construction task in the 
whole project due to the demands made on the design. It has two main functions. It 
fastens the forming frame to the turntable and it fixes a pipe against shifting. These 
main functions have to be secured. The most important requirements are discussed 
below. Implementation of main functions is discussed in chapter 6.2. 
The robot is required to have a free working area during the moulding process. 
In order to mould a pipe into such difficult shape, all axes and especially heel of axis 
A5 are moving very much around and under frame, as is shown on Fig. 6 (Picture 
description is in chapter 5.3). Therefore, it is necessary to have very thin and high 
workholding device construction. Top plan dimensions should not exceed 
approximately 140 mm x 140 mm (based on measurements from simulation) in order 
to avoid collision of robot wrist axes with workholding device. The height of 
workholding device should be more than 200 mm from the top of turntable desk to 
the bottom of clamping plate. Based on previous issues, the collision of the A5 heel 
with a turntable desk should be avoided. 
The mechanism fastening the forming frame to the turntable is the next 
discussed design nodal point. It has to perform linear movement of about 15 mm in 
order to slide in or slide out indexing bolts into indexing holes. It is very a simple 
movement but there is not very much space, because top plan dimensions have to 
be secured. The mechanism cannot interfere under the fastened forming frame. The 
options are discussed in the next chapter. 
The last important part of the workholding device is mechanism fixing pipe 
inside of frame against shifting during moulding. The force necessary to fix the pipe is 
about 100N (considered as a force for safe fixing, estimated experimentally) and it 
mostly accrues from residual temper in the first and second flexion of moulded pipe.  
There is also centripetal force acting to a pipe and a teflon stick during turning 
of turntable. This force is negligible, because the weight of pipe and speed of turn 
table is low. 
The clamping mechanism must be always at the same position therefore the 
entrance of forming frame must be same in all cases. The shapes, where entrance of 
forming frame cannot be at the desired position are not manufacturable by this work 
cell. 
 
6.2. Workholding device concepts 
 
There are two basic concepts of workholding devices. Each solution use slight 
different approach to accomplish requirements described in chapter 6.1. The first 
concept of a workholding device is shown on Fig. 13. The figure is composed of four 
pictures labeled with number. On each picture is shown one phase of clamping 
procedure. Referred parts of each picture are marked with color arrows. The detailed 
description of first concept is described below. All references to pictures 1-4 in the 
text below are concerning Fig. 13. 
The empty workholding device is shown on the picture 1. The red arrow marks 
one of two indexing bolts. The bolts are slide out and in by the compact Festo 
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cylinder AEVU 16-15 PA. The piston backstroke operating force is 90N at pressure 
about 6 bar. In an ideal way. It would be best to use a single acting piston with a 
spring. The gripping movement would be then done by the spring, so the frame 
would stay at correct position even at air source malfunction. The used piston is 
double acting, because there were no compact pistons with spring available. The 
correct function is ensured by two proximity sensors at lateral positions. The yellow 
arrow marks Festo automated power clamp CLR-25-10-L-P-A. The movement of 
clamp is driven by cam. In the beginning of clamping is the movement of clamp 
swivel and last 10mm is movement linear so the pipe is clamped as shown on picture 
4. The clamping force is N188F 1C = at 6 bar pressure. The friction coefficient between 
clamp and pipe is approximately 6,0f = . The force acting against shifting of pipe SHF  
is therefore sufficient 113N according to equation (1): 
 
N1131886.0FfF 1CSH =⋅=⋅=  ( 1 ) 
 
On the picture 2, there is the forming frame inserted into a slot. The red arrow 
marks the forming frame check grove, because there is very important to check 
position of a pipe. In the next step, the indexing bolts of the workholding device are 
pushed into the indexing holes in the forming frame as shown on picture 3. The last 
picture shows fixing of the pipe against shifting. 
The whole design, as was described, is very simple and easy to manufacture. 
The base body of the workholding device is welded and other parts are mounted 
together by screws. The greatest concept disadvantage is small space between 
power clamp and forming frame. 
The second concept of a forming frame fastening procedure is shown on  
Fig. 14. It is divided into four pictures similarly as previous one. All references to 
pictures 1-4 are concerning this figure. The whole procedure is similar to first one, so 
the pictures are composed in order to describe two main clamping nodes. The 
procedure is same as in the first case. 
The mechanism for indexing frame in the workholding device is shown on the 
picture 1. There is round cylinder piston DSEU 16-25 (yellow arrow) attached to lever 
with coulisse (red arrow).  When piston slides out, the indexing bolts are pushed 
though forming frame indexing-holes as shown on picture 2. On the pictures number 
3 and 4 is shown mechanism fixing pipe against shifting. There is round cylinder 
DSEU 20-40 (yellow arrow) attached to lever (red arrow) which fixes pipe. The 
concept is designed so that indexing and clamping forces are same or higher as in 
first concept.  The exact values will be counted in special chapter if concept selected.  
The second design is an interesting alternative to the first one. Different 
mechanisms are used to approach the same goals. This solution is much more 
difficult to manufacture, especially welding of mainframe with consideration of fixing 
mechanisms attachment. According to the difficult and expensive manufacturing of 
this second concept, the first one was selected as a solution that would be applied in 
practice. 
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Fig. 13 – Workholding device with power clamp and compact cylinder (Blumenbecker Prag) 
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Fig. 14 - Workholding device with round cylinders (Blumenbecker Prag.) 
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7. Turntable selection 
7.1. Introduction 
 
Turntable assembly is in our case composed of three subassemblies as is 
shown on Fig. 15. The turntable is attached to the pedestal frame in order to increase 
table height. The table desk is mounted on the tool plate. The robotic cell has two 
equivalent positions on each side of the tool plate. On the one side of the turntable is 
an operator and on the other side is a robot. It implies an indexed table with two 
positions. 
There are many turntables producers available. In order to reduce number of 
alternatives indexed turntables Weiss TC series was chosen. 
 
 
Fig. 15 - Turntable basic parts (Weis GmbH.) 
 
7.2. Turntable selection 
 
When selecting a turntable, several parameters should be taken into 
consideration. The turntable speed is directly proportional to mass inertia loading. 
Mass inertia loading of the table with clamping fixtures and fixed pipes is about 0,2 
2mkg ⋅  to 0,4 2mkg ⋅ . In Tab.  3 are cycle times for mass inertia loading of 0,4 2mkg ⋅ . 
According to table are all tables able to rotate over 180 deg for about 1 sec. The 
smallest table TC 150T is selected. The turntable repeatability is ±0,01mm at 
diameter 150mm. 
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Weis turntable type TC 150T TC 220T TC 320T TC 500T 
Cycle time [s] for inertia loading 0,4 2mkg ⋅  1,03 0,34 0,61 0,68 
 
Tab.  3 - Cycle times for maximal loading (Weis GmbH.) 
 
7.3. Tool plate concepts 
 
To cover the functionality, extensibility and  variability there were studied 
three basic concepts of tool plate. A desk tool plate, a welded tool plate and a 
tool plate prefabricated from aluminum sections. First two options are shown 
on Fig. 16 and Fig. 17. 
The desk tool plate is very basic type. It is suitable where large moment 
loading is present and where very high stiffness is necessary. The biggest 
advantage is cheap and simple manufacturing. There are also significant 
disadvantages. The table has about twice higher moment of inertia than other 
concepts and more than four times higher weight. 
In our case is not this concept very suitable because our loading is very 
low and so stiff construction is not necessary. 
 
Fig. 16 - Desk tool plate (Weis GmbH.) 
 
The welded tool plate is very light. The construction is much more 
complicated than in first case. It is welded from standard steel sections 
aggregated into compact and purposive assembly. This is the most expensive 
choice from all alternatives. The manufacturing part is longer and construction 
modification is almost impossible or complicated. Still is this concept the most 
Institute of Production Machines, Systems and Robotics 
 
MASTER THESIS 
Page  28  
 
appropriate in our case because of its advantages and disadvantages of the 
last concept. 
 
 
Fig. 17 - Welded tool plate (Weis GmbH.) 
 
An aluminum sections are very popular in building of a basic frames, 
clamping fixtures, tool frames and many other constructions. The process of 
building up assembly is very fast and simple. The sections are cut to correct 
lengths and holes are drilled. The sections are put together and connected by 
standard connecting pieces. But the whole construction is never so stiff and 
stable as welded one. There is also small risk of connection releasing because 
of fast table turning. 
As was mentioned before, welded construction is evidently the best 
possible option for this dynamically loaded assembly. 
7.4. Tool table pedestal frame construction 
 
Two concepts of constructions are usual for a pedestal frame constructions. A 
welded tool frame and a pedestal prefabricated from aluminum sections. Latter 
is shown on Fig. 18 and former is shown on Fig. 19. 
Both of frames are suitable in this case. Most of load affecting the 
pedestal frame is weight of parts mounted on the attaching plate and 
dynamical loading is very small. Therefore, the whole frame construction can 
be very light and it is very similar for both of concepts. The only difference is in 
the frame anchor construction. In case of the aluminum table the knuckle foots 
are used for leveling. The table is attached to the floor by anchor screws. In 
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the second case, the anchor screws are used for attaching the table and also 
for leveling. 
The frame made from aluminum sections is selected as more 
appropriate concept in this case, because it can be manufactured at a lower 
cost. 
 
 
 
Fig. 18 – Aluminum sections pedestal frame 
 
 
Tool table 
attaching plate 
Pedestal 
frame anchor 
Institute of Production Machines, Systems and Robotics 
 
MASTER THESIS 
Page  30  
 
 
Fig. 19 – Welded pedestal frame 
 
It is important to notice that a frame should meet needs for turntable 
mounting and turntable motor and brake have to be accessible for servicing. 
Details for selected turntable TC 150 T is shown on Fig. 20. 
 
 
Fig. 20 - Turntable mounting drawing (Weis GmbH.) 
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8. Cell safety  
8.1. Basic acts and directives 
 
Safety is one of the most important parts of any design work. It is very 
important to decrease or even to eliminate a potential risk of device damage and all 
kinds of expectable injuries for persons in cell operation area. The laws valid in the 
Czech Republic are discussed below, because this thesis is solved for a potential 
Czech customers. The basic safety act is: “Zákon č. 22/1997 Sb.“, about technical 
requirements for products. The information mentioned in this act is very general and 
difficult to use in a practical situations. Therefore, there are available several 
directives that are more detailed. 
The basic directive for industrial devices manufacturers is: “Nařízení vlády 
č.170/1997 Sb.” It is actualized in the directive: “Nařízení vlády č.24/2003 Sb.“. There 
are discussed technical requirements for industrial devices. The machine (in our case 
cell for hydraulic pipes moulding) have to meet all needs described there, otherwise it 
cannot be used. 
The second important directive is dedicated to users of industrial devices but it 
does not mean that it is not important for manufactures. It is “Nařízení vlády 
č.378/2001 Sb.”. There are described requirements for industrial devices safety 
operating and usage. It is mandatory for manufacturer to describe details about 
device usage in direction for use and discussed directive helps a lot with this task. 
In order to fill in all important information, the act “Zákon č. 309/2006 Sb.“ and 
“Zákon č. 209/2000 Sb.“ have to be mentioned. The safety and the occupational 
hygiene are discussed in the former one. The latter dictates liability for damage done 
by product defect. Both of them should be taken in consideration as well as previous 
discussed documents. 
8.2. Important standards 
 
Though directives are different in states of European union, the standards are 
unified. It is well known that norms have only informatory character but it is highly 
recommended to follow them. It helps in critical situations, when some accident 
happened, because it is easier to prove that safety requirements (e.g. for a robotic 
cell) were fulfilled by the valid safety standards. 
Standards are prepared by several organizations. The most important of them 
are listed below: 
• International standards ISO, IEC 
• European standards CEN, CENELEC 
• Czech national standards ČSN 
 
There is a tendency of standards unification and hence international norms are 
adopted in European and in Czech standards (For example ISO 9001 is taken as 
European EN ISO 9001 and Czech ČSN EN ISO 9001). 
From the content point of view, there are three different types of standards: 
• A type standards – general principles and terms description 
• B type standards – safety equipment description 
• C type standards – safety requirements for specific type of machine 
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The basic standard for safe machine design is ČSN EN ISO 14121-1/2. There 
are general principles of method known as risk assessment. This method describes a 
procedure of evaluation possible safety hazards. Usage of this method is under 
range of this work so only short analysis is done in chapter 8.3. The next step is 
assessment of safety-level according to ČSN EN ISO 13 849-1 or ČSN EN 62061. 
The latter standard is not usable for hydraulics, pneumatics and mechanics 
technologies so the former one has to be used. 
Previous standards were general methods necessary for evaluation of 
possible dangers in machine design. The next important group are C type standards. 
The first important standard is ČSN EN ISO 10218-1. It describes safety 
requirements in robotic cell design. This standard helps to define risk assessment 
possible hazards. Knowledge of ČSN EN ISO 10218-1 together with results from 
assessment of safety-levels leads to standards for solving particular problems. The 
most important of them are listed below: 
 
• ČSN EN ISO 13857 - Safety distances to prevent hazard zones being reached 
by upper and lower limbs. 
• ČSN EN 999 - Positioning of protective equipment with respect to the 
approach speeds of parts of the human body. 
• ČSN EN 1037 - Prevention of unexpected start-up. 
• ČSN EN 349 - Minimum gaps to avoid crushing of parts of the human body. 
 
8.3. Safety hazards 
 
In general, a designer of a robotic cell must be aware of a valid safety 
standards and based on these standards a concept of a robotic cell need to be 
properly adapted within the design stage. In the Czech Republic the safety aspects 
are still underestimated.  
High importance concerning the safety is evident. Therefore, the safety 
aspects are studied in this work in detail. On the Fig. 21 is shown cell layout where 
borders of important operating and safety areas are marked. This figure is only 
sketch so dimensions of safety areas are only schematic. The next step will be short 
description of marked areas.  
Worker operating area is a zone where an operator has to interfere with upper 
limbs in order to perform its task. This zone is accessed during robot operation!  
Turntable operating area is a zone where the turntable can collide with other 
objects during cycle. The robot and end effector have to be outside this area when 
turntable indexing. Proper robot programming suffices to avoid collision. Operator is 
protected by turntable safety area. If it is accessed during cycle by operator hands, 
turntable have to slow down or stop until hands reach it. This precaution should avoid 
injury caused by table. The exact value of safety distance is counted in chapter 8.6 
and it depends on used safety solution. 
Robot wrist operating area is a zone where the tool and robot wrist axes can 
access during process. The concerning safety area protects operator upper limbs, 
because it can easily collide with robot. 
The last important zones are robot operating and safety area. The former zone 
is border of robot reach ability. The robot will operate in small part of this area. If 
robot operational limits are set properly, the robot cannot operate out of programmed 
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space even at program malfunction. The latter zone is necessary to calculate if 3D 
scanner instead of fence is used. 
The cell operates in two modes. The former is automatic operational mode 
and the latter is manual operational mode. The manual mode is used in exceptional 
situations (e.g. programming of robot) and the safety is usually lower in manual mode 
(e.g. worker has to operate in hazardous area during cell processing), because it is 
not possible to avoid the risk at all situations. Therefore, only qualified personnel, 
which is familiar with possible hazards can provide this work. 
 
 
`  
Fig. 21 – Cell operating and safety areas (KUKA Robot Group, Weis GmbH) 
 
8.4. Available safety equipment 
 
There are two main groups of a safety equipment – separating protective 
equipment and electro-sensitive protective equipment. Fences and gates represent 
the former group and light curtains with laser scanners are delegates of latter group. 
Emergency stop buttons are also used. It opens safety circuit when pressed. If safety 
circuit is opened, all devices in secured area are immediately stopped. This state is 
known as emergency stop. The closing safety circuit does not mean restoring normal 
operational state. In order to start cell after emergency stop it is necessary to start it 
by pressing another button. The basic safety equipment is described below. 
The fences represent separating protective equipment. The separating 
protection is irreplaceable when parts can be ejected at high speed outside of 
workcell or when dangerous radiation is involved. The fence advantage is low price, 
very simple application and better trustworthiness for protected persons than in case 
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of electro-sensitive protective equipment. The gate as an entrance to the closed area 
is important part of fence. The gate is equipped by lock and it can be with or without 
magnetic release. The advantage of magnetic release system is possibility of delay 
between stopping the cell and entering secured area. There is enough time to halt 
every process during this delay. 
Light curtains (shown on Fig. 22) are the most common representatives of 
electro-sensitive protective equipment. It is based on opthoelectric principle. There 
are two units and space in between them is tested. The sender unit emits collinear 
infrared (invisible) rays and the receiver unit receives and evaluates absorbed rays. If 
any ray is interrupted by obstruction, the receiver release emergency stop. The most 
important parameters when light curtain selected are scanning range and resolution 
of curtain. The former parameter is dependent on size of secured area and the latter 
one determines the detection level of curtain. The resolution of 14mm is used for 
detection of finger; the resolution of 30 mm is used for hand detection. 
 
 
Fig. 22 – Light curtain (Sick AG.) 
 
More advanced members of electro-sensitive protective equipment are 
scanners. There are two-dimensional scanners and three-dimensional scanners. 
These devices have entirely different operating principle. The former devices (Fig. 
23) are used for monitoring open area. There is one device which emits a pulse laser 
beam in some range of directions using a revolving mirror. The emitted beams are 
reflected by surrounding objects back to scanner and there are evaluated by 
photodiodes. The most important parameters are scanning range and scanning 
angle. The emergency stop is released when object detected inside scanned zone. 
The latter devices are base on optical camera vision system. The data from camera 
are processed in computer unit and behavior of safety circuit is dependent on 
programming of safety zones. This solution is more expensive then other electro-
sensitive devices but it is very powerful in number of possibilities. 
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Fig. 23 – Laser 2D scanner (Sick AG.) 
 
8.5. Safety solution selection 
 
In this chapter will be discussed three safety solutions applicable at designed 
cell. It is important to project solutions, which will eliminate all threads discussed in 
chapter 8.3. In all cases is available control panel with start button, emergency stop 
button and two light buttons (red, green) on the right side next to outer curtain and 
watch-light indicating cell state. In cases where fence with gate is used, there is also 
used emergency stop button next to gate.  
First solution is shown on Fig. 24. The cell is bounded by wire fence and the 
only entrance to cell is through gate with magnetic release. The worker is standing in 
front of outer curtain. This curtain protects worker from injury caused by rotation of 
turntable. If turntable is standing in indexed position worker can access area of outer 
curtain in order to exchange forming frame with moulded pipe. The robot is 
processing another part at same time so worker has to be protected by the inner 
curtain. If any of devices release emergency stop, the cause of stop has to be 
removed and Start button on control panel has to be pressed in order to restore 
normal state. 
 
 
 
Fig. 24 – Safety solution with fence and light curtains (Kuka Robot Group, Weis GmbH.) 
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The second solution (shown on Fig. 25) is derived from the first one. The basic 
principle is the same but instead of inner curtain there is used fence barrier made 
from transparent plexiglass. The barrier prohibits free movement of workers upper 
arms to area, where the robot is present. This solution is much cheaper than first one 
and presence of solid barrier, which divides space between robot and worker, is also 
very positive. Disadvantage is possibility of reaching robot working-area by some 
tool. 
 
 
 
Fig. 25 – Safety solution with fence, curtain and barrier (Kuka Robot Group, Weis GmbH.) 
 
Last solution is very different from previous ones. There is no fence, there are 
only lines indicating safety zones drawn on floor and 3D scanner attached on ceiling. 
The cell is divided into four zones, two robot zones and two turntable zones. If robot 
zone 2 is reached from outside by any object, robot and turntable slow its movement 
into safe speed. This slowdown alerts person in safe zone that area should be 
leaved. If machines are moving safe speed, danger of injury caused by fast moving 
objects is very low. If robot zone 1 is entered the cell enters emergency stop state. 
Turntable zones can be accessed when turntable is not moving. If turntable moving 
and turntable zone 2 reached the turntable slows to safe speed. If turntable zone 1 
reached, the cell enters emergency stop state. Worker has movable control panel 
available. If emergency stop is released, the cause of stop has to be removed and 
release button on control panel has to be pressed in order to restore normal state. 
The biggest advantage of this solution is very high flexibility. The whole cell can be 
modified very quickly, because cell dimensions are dependent only on scanner 
programming. Disadvantage is very high price if compared to other solutions and low 
resolution of camera, which does not allow divide zones very precisely. The exact 
value of resolution was not discovered. 
The second solution was excepted from safety solution selection process, 
because there is danger of bypassing solid barrier as was written in the beginning of 
this chapter. The rest two solutions are both applicable so best solution was chosen 
according to price. The price of first solution is approximately 5000 euros, where one 
curtain costs about 1200 euro and rest of the price are cost of fence and engineering 
works. The price of second solution is based almost on price of 3D scanner and its 
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programming. Scanner costs about 12000 euro and additional cost would be about 
2000 euro. From previous analysis is obvious, that the first solution is chosen, 
because its price is significantly lower. 
Short description of chosen safety equipment is described below, particular 
dimensions of curtains are chosen later according to dimensions of work cell. 
 
• Outer light curtain – SICK C4000 Eco, resolution 14 mm 
• Inner light curtain – SICK C4000 Eco, resolution 14 mm 
• Gate lock – SCHMERSAL AZM 161, with fail-safe delay timer, cannot be 
opened until hazardous conditions have come to an end 
• Emergency stop buttons – SCHMERSAL KDRRZ 40 RT 
• Safety relay – SICK UE44-3SL 
• Three color watch-light 
 
 
 
 
Fig. 26 – Safety solution with 3D scanner (Kuka Robot Group, Weis GmbH.) 
 
8.6. Safety distances calculation 
 
In case of chosen safety solution, it is necessary to determine exact distance 
between secured device and light curtain (see ČSN EN ISO 13855), because it takes 
some time until curtain react against detected object and it takes some time until 
secured device stops. The delay between signal to stop and halting of machine is 
defined as time to stop. This value is very dependent on loading of machine. 
Determination of this value is easy (but not very precise) in case of devices 
with simple movement. Turntable with rotary movement in one axis is on of 
examples. It is based on experiment, where the light sensor is placed on static part of 
plate and once per turn of turntable is set by reflector mounted on rotary part of table. 
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The stop signal is raised by signal from sensor when turntable speed is at maximal 
value. Time to stop is measured as time between signal from sensor and signal 
turntable halted from turntable. The measurement accuracy is very dependent on 
turntable PLC cycles per second. 
In case of robot is situation much more difficult, because it is impossible to 
determine time to stop with desired accuracy. The best possibility is to ask 
manufacturer for approximate value. 
Kuka KR-16 time to stop is less than 200 ms with maximal loading. In case of 
turntable is time to stop less than 180 ms with maximal inertia loading. Both values 
were provided by Blumenbecker Prag. s.r.o. 
The calculations in this chapter were provided by SICK AG. Minimal distance 
between light curtain and secured area may be calculated as: 
 
CTKS +⋅=     ( 2 ) 
 
Where 1smm2000K −⋅=  is maximal approach velocity of human body or part 
of human body, T is time to stop and C  is additive distance respecting approaching 
part of human body into hazardous area before safety equipment reacts. The last 
member is calculated according to next equation, where parameter d  is resolution of 
used light curtain. 
 
)14d(8C −⋅=     ( 3 ) 
 
Final safety solution design is shown on Fig. 27. There are two light curtains. 
Outer curtain protects worker from injury caused by turntable, the inner curtain 
protects worker from injury caused by robot. In both cases are used light curtains 
with resolution of mm14d = , because there is not enough space for curtain with 
lower resolution. The additive distance is so in both cases equal to zero if resolution 
substituted to equation (3). 
 
mm0mm)1414(8Coi =−⋅=   ( 4 ) 
 
Final safety distance 1S  between robot turntable and outer curtain is then 
given by substitution equation (4) and turntable time to stop into equation (2) : 
 
mm360mm0mm18,02000S1 =+⋅=  ( 5 ) 
 
In the same way is calculated safety distance 2S between robot working area 
and inner safety curtain. 
 
mm400mm0mm2,02000S2 =+⋅=  ( 6 ) 
 
Institute of Production Machines, Systems and Robotics 
 
MASTER THESIS 
Page  39  
 
 
Fig. 27 - Final safety design, safety distances (Kuka Robot Group, Weis GmbH.) 
8.7. Safety circuit 
 
Selected safety equipment has to be connected into safety circuit. Detailed 
description of electric installation is under possibilities of this work only main safety 
nodes are mentioned (See Appendix  4). The principle of safety circuit is simplified in 
order to be easily understood.  
The master node of safety circuit is safety control unit or safety relay. Main 
difference between both devices is in safety circuit composition. In safety relay are 
logic functions created by connecting wires from safety equipment into combination 
of parallel and serial circuits. This circuit is serially connected with robot safety circuit 
so in case of safety hazard is circuit disconnected. Safety control unit is 
microcontroller and logic of safety circuit is programmed by simple programming 
language (e.g. Ladder diagram). The output is connected to robot safety circuit. 
Turntable can be in both cases driven by robot safety circuit or directly by safety 
relay/control unit. 
The logic of safety circuit is described by simple flowchart on Fig. 28. If gate is 
opened, emergency stop button pressed or inner curtain accessed cell goes to 
emergency stop state and watch light glows red. If outer curtain is accessed, the 
turntable movement is blocked (watch light blinks yellow) but the emergency stop 
state is evoked only if the turntable was not indexed that time. Operational state 
(watch light glows green) is restored, when reasons of emergency stop state are 
removed and start button is pressed. Further information can be studied from 
flowchart. 
Inner curtain 
Robot wrist axes 
working area 
 
Outer curtain 
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Fig. 28 – Cell safety flowchart 
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9. Cell design and operating principle 
9.1. Cell ergonomics 
 
Knowledge of ergonomic is important for design of interface between human 
and machine. In order to make interaction with designed cell as affable as possible, it 
is necessary to adjust dimensions of interface nodes according to human needs. 
Ergonomic principles in the design of work systems are described in standard ČSN 
ISO 6385. Ergonomic solution workholding device and emergency stop buttons 
placement is discussed below. 
The placement of workholding device is the most important ergonomic 
parameter and it has direct influence to worker productivity and health. The optimal 
height-level of work area for standing person is about 1130mm in case of workshop 
works with clamping device. The maximal distance from workholding device in 
horizontal direction is also very important. In our case is this dimension given by 
safety distance between light curtain and turntable and it is approximately 350mm. 
Push buttons should be placed in height between 900mm and 1200mm. It is not 
possible to fulfill this condition in all cases because two buttons are placed next to 
right outer light curtain and placement in one height is unsuitable. Emergency button 
is placed in the optimal height and start button is placed up to it.  
9.2. Cell sensors 
 
There are few sensors in designed workcell which ensures proper cell 
function. Most of them are placed in workholding device and few referenced sensors 
are implemented inside of turntable. On Fig. 29 are shown sensors placed in 
workholding device. The pneumatic cylinders are attached with electrical proximity 
sensors with reed contact.  The presence of forming frame is indicated by capacitive 
sensor. Information about sensors used inside of turntable are not available. All 
sensor signals with short description are listed in table Tab.  4. 
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Signal name Signal description 
Frame 1 indexed Forming frame is attached to workholding device at work-position 1. Indexing bolds are pushed in. 
Frame 1 not indexed Forming frame is not attached to workholding device at work-position 1. Indexing bolds are pushed out.  
Frame 1 present Forming frame is present in workholding device at work-position 1. 
Pipe 1 fixed Pipe is fixed in workholding device at work-position 1. Power clamp is pushed in. 
Pipe 1 not fixed Pipe is not fixed in workholding device at work-position 1.. Power 
clamp is pushed out. 
Frame 2 indexed Forming frame is attached to workholding device at work-position 2. Indexing bolds are pushed in. 
Frame 2 not indexed Forming frame is not attached to workholding device at work-position 2. Indexing bolds are pushed out.  
Frame 2 present Forming frame is present in workholding device at work-position 2. 
Pipe 2 fixed Pipe is fixed in workholding device at work-position 2. Power clamp is pushed in. 
Pipe 2 not fixed Pipe is not fixed in workholding device at work-position 2.. Power 
clamp is pushed out. 
Turntable in position 1 Turntable work-position 1 is situated in robot working area. 
Turntable in position 2 Turntable work-position 2 is situated in robot working area. 
Turntable indexed Turntable is indexed. 
 
Tab.  4 – Cell sensor description 
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Fig. 29 – Workholding device sensor placement (Festo) 
9.3. Robot programming 
 
The robot programming is composed from two basic parts – programming of 
cell/robot logic and programming of robot movements. In this chapter will be mainly 
discussed programming of cell logic. 
Kuka robots are programmed in KRL (KUKA Robot Language). It is procedural 
programming language (similar to Pascal) with many special functions. It would be 
difficult to create program in KRL, because the feedback from cell sensor is not 
available. Therefore, the program logic is described by flowchart diagram on Fig. 30.  
The robot can work in two possible work modes. Normal working mode is 
automatic mode, there is robot working according to programs without need to 
operate robot control panel. The second – manual working mode is necessary for 
solving unusual situations, where robot cannot continue with work in automatic mode. 
If program starts at automatic mode, robot position is checked. If robot is at the home 
position, the turntable orientation is checked. After that robot checks if forming frame 
is attached in workholding device and hydraulic pipe is fixed. After successful test a 
pipe is moulded. In the same instant as robot moulds prepared forming frame, worker 
fastens another one on the other side of turntable. When a worker enters area 
between outer and inner light curtain, the red signal light switch on and green signal 
light switch off. After the frame is attached, the worker press the start button and if 
clamping process is successful, the green signal light switch on and red signal light 
Pipe fixed 
 
Frame not indexed 
Pipe not fixed 
Frame indexed 
Frame present 
 
Workholding device sensors placement 
Institute of Production Machines, Systems and Robotics 
 
MASTER THESIS 
Page  44  
 
switch off. It means for worker, that workcell is ready for moulding. Once the robot 
finished its work the turntable is the turned and the whole procedure is repeated. 
 
 
Fig. 30 – Robot program flowchart 
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9.4. Cell operating principle 
 
In this chapter is described cell operating principle. Chapters 8.7 and 9.3 
should be studied before in order to better understand this text. Description follows 
references on Fig. 31. 
In order to initialize the cell, the gate (2) has to be closed, the robot (1) has to 
be in automatic mode and the worker has to stand outside of outer curtain (8). The 
worker press green light-button on control panel (12). in order to start the cell 
program. If the cell is ready, the watch-light glows green. The right-handed worker 
takes pipe with a teflon stick (18) to the left hand and a empty forming frame (19) to 
the right hand. The hydraulic pipe is inserted into the forming frame and proper 
insertion is checked through groove in the enter side of forming frame. The whole 
assembly is inserted into the workholding device (3). Now can be cycle turned on by 
pressing a start button on the control panel (12). In case of problems with the 
workholding device, the watch-light (16) blinks yellow. The operator has to remove 
the forming frame from the workholding device, check source of problem and repeat 
fastening procedure. If the forming frame is fastened properly and the pipe is fixed 
against shifting, the cell goes to the operational mode, the watch-light glows green. 
The turntable tool plate (5) is now turned about 180 degrees. When the turntable (4) 
is indexed in a new position, the robot starts a moulding procedure and the watch-
light blinks green. When the worker enters area of the outer curtain, watch-light glows 
green and the worker can remove finished product. The product is checked and 
hanged on rack (17). Now, the procedure is repeated. 
If the red light-button on control panel (12) is pressed, the cell finishes the 
actual cycle and stops. The robot moves to the service position, which is identical to 
the home position. 
For complete information about a cell control and possible cell states, please 
see Appendix  1: The cell guide. 
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Fig. 31 – Cell for hydraulic pipes moulding (1 - Robot Kuka KR-16, 2 - Cell gate, 3 - Workholding 
device, 4 - Turntable Weis TC150,  5 - Tool plate, 6 - Turntable pedestal frame, 7 - Robot 
pedestal, 8 - Outer curtain, 9 - Inner curtain, 10 - Gate lock, 11 - Gate emergency stop button, 12 
- Control panel, 13 - Robot control panel, 14 - Robot control cabinet, 15 - IO and safety control 
cabinet, 16 - Watch light, 17 – Rack for finished products, 18 - Pipes with teflon sticks, 19 - 
Empty forming frames, Kuka Robot Group, Weis GmbH., SICK AG., Schmersal Group) 
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10.  Cell simulation 
10.1. Simulation introduction 
 
A simulation means in our case imitation of the cell activity. The simulation 
was done in order to determine the cell cycle time and also it is necessary to verify if 
robot is able to follow path during moulding process. Because there are two 
processes, which proceed simultaneously on both sides of turntable, it is necessary 
to split simulation into two parts. Processes connected with worker’s activities belong 
to first part of simulation and second part is simulation of robot movement during 
hydraulic pipes moulding process. 
First part of simulation is described in chapter 10.2 and in chapter 10.3 is 
discussed robot simulation in detail. In the last simulation chapter is evaluated cell 
cycle time. 
10.2. Worker’s activities simulation 
 
Processes connected with worker’s activities are discussed in this chapter. 
The result of this part of simulation is cycle time necessary to unclamp finished 
forming frame from workholding device and replace it by the new one.  
In order to determine this time as precise as possible, the whole operation is 
divided into particular events. The events of studied operation in sequence how they 
happen are listed in Tab.  6. The regular operation begins with unclamping of finished 
forming frame and ends with pressing of start button. This cycle time is valid for all 
cycles except for the first and the last cycle of working shift. The turntable turning is 
isolated in the last row, because turntable is not turned immediately when Start 
button pressed. Turntable is turned when both robot and worked finished their job 
(See chapter 9.3). 
10.3. Robot simulation 
 
The precise robot simulation requires usage of specialized tools. Software 
used for robot simulation should be able to: 
• Predict process time 
• Verify robot ability to follow path during moulding process 
• (Offline programming) 
First two requirements have to be fulfilled in order to finish simulation of cell. 
The offline programming is ability of simulation software to generate source code, 
which can be used for robot programming. This procedure is not used very much, 
because it is still in development. It cant be used in our case, because trajectory 
during hydraulic pipes moulding is very dependent on pipe behavior, which is difficult 
to simulate. 
Some of visual tools, which can be used for simulation of industrial robots, are 
listed in Tab.  5. First two products are general tools, which are not dedicated for 
single robot manufacturer. They are much more powerful and expensive than other 
three software tools. Unfortunately, it was impossible to acquire license for these 
products, therefore it is not possible to use them. The only option is usage of Kuka 
Sim Pro, which is available in company Blumenbecker Prague. This software is 
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developed by KUKA Robot Group and it is suitable for basic simulation tasks with 
Kuka robots. 
 
Product name 
Dassault 
Delmia 
Tecnomatix 
ROBCAD 
Kuka        
Sim Pro 
ABB 
RobotStudio 
Fanuc 
Roboguide 
Available technologies All All Kuka ABB Fanuc 
Offline simulation Yes Yes Yes Yes Yes 
Programming comfort Very good Very good Average Good Poor 
 
Tab.  5 – Robotics simulation tools 
 
 The shape of moulded pipe is very difficult as well as robot trajectory (See 
chapter 5.3). It was impossible to model path for hydraulic pipes moulding properly 
and there was also problem with importing cell geometry into this software. All 
attempts to simulate the process with this tool failed, so it was necessary to find 
alternative solution. Simulation of reachability at several important points in Solid 
Works is probably the best extemporary option and because this solution verifies only 
robot reach ability, the cycle time estimation has to be solved in another way. There 
were done several practical test of hydraulic pipes moulding in laboratory of 
Blumenbecker Prag.  
According to simulation in Solid Works (See Appendix  7) is robot able to 
mould pipe into tested forming frame. It is important to imagine behavior of moulded 
pipe, because on the picture is moulding finished and pipe has shape of forming 
frame. It would be incredibly difficult to simulate pipe properties. 
The robot process cycle time estimated from practical test in laboratory of 
Blumenbecker Prag. (See Appendix  8) is approximately 15 seconds. Tested forming 
frame has one of the most complicated shapes but it does not explicitly mean that it 
has longest cycle time. Therefore, cycle time was set to 40 seconds in order to 
overrate higher possible value. 
 
10.4. Cell cycle time 
 
As was mentioned before, there are two main processes, which proceed 
simultaneously on both sides of the turntable. Processes connected with worker’s 
activities belong to the first part of simulation whereas the second part is concerned 
with a simulation of the robot movement during the hydraulic pipes moulding process. 
On Fig. 32 is shown a Gantt chart with graphical description of events during the 
cycle time. Red blocks represents turning of the turntable about 180 deg. Second 
block from the top represents worker activities timeline as is listed in Tab.  6. 
Moulding procedure is represented by third block from the top. From the Gantt chart 
is clear that the work on both parts of the turntable takes approximately same time. 
However, concerning the real application the robot cycle time is slightly 
overestimated. 
The resulting time is addiction of turntable cycle time and total time of so-
called worker’s activities. Cell cycle time is 46 seconds. 
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Event description Duration [s] Time line [s] 
Unclamp finished forming frame. 1 1 
Remove finished forming frame from workholding device. 5 6 
Check if pipe moulded properly. 8 14 
Hang forming frame to rack. 3 17 
Take pipe with teflon stick from stack. 3 20 
Take frame from box. 3 23 
Insert pipe into forming frame. 6 29 
Insert forming frame into workholding device. 8 37 
Push pipe into forming frame.  2 39 
Leave area of outer curtain. 3 42 
Press Start button. 1 43 
Clamp new forming frame. 1 44 
      
Turn turntable about 180 deg. 2 N/A 
 
Tab.  6 – Worker’s activities timeline 
 
 
 
 
Fig. 32 – Gantt chart of cell cycle 
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11. Economic evaluation 
11.1. Cost breakdown 
 
Cost breakdown of work cell equipment and engineering works is outlined at 
this chapter. The costs were gathered from many different companies and because 
they provided this information to student for master thesis, it is possible that some 
prices will be slightly different from real market values. The prices are listed in Tab.  
7.  The most of cell price is cost of robot, robot programming and cost of installations. 
Total cost is approximately 73545 euro for April 2009. 
The engineering system installation includes mounting and basic modifications 
of mechanical assemblies, installation of pneumatic circuits and installation of robot. 
The wiring and electrical installation includes price of electric cables, cases and 
wiring of all circuits. The robot programming price comprise programming of base 
logic and eight different shapes of hydraulic pipes. 
 
 
Description Pieces Cost [euro] Percentage [%] 
Turntable WEIS TC 150T with accesories 1 2950 4,0 
Robot KUKA KR-16 with accesories 1 38100 51,8 
Tool table lower frame 1 265 0,4 
Tool table tool plate 1 280 0,4 
Workholding device 1 530 0,7 
Robot pedestal 1 220 0,3 
Robot end-effector 1 80 0,1 
Total cost of cell equipment 
 
42425 57,7 
    
Cell fence N/A 1300 1,8 
Light curtain SICK C4000 Eco 2 1200 3,1 
Gate lock SCHMERSAL AZM 161 1 420 0,6 
Safety relay SICK UE44-3SL 2 450 1,2 
Other safety equipment N/A 200 0,3 
Total cost of safety equipment 
 
5120 7,0 
    
Engineering systems installation N/A 9000 12,2 
Wiring and electrical installation N/A 8000 10,9 
Robot programming (8 different shapes) N/A 9000 12,2 
Total cost of engineering works 
 
26000 35,3 
    
TOTAL COST 
 
73545 100 
 
Tab.  7 – Actual prices for April 2009. 
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11.2. Cell utilization 
 
The important information for cell utilization is production seriality. Eight 
different shapes should be moulded during cell operation and a total production 
should be about 1000 pieces per day. If the cell cycle time is 46 seconds, the 
hydraulic pipes production takes at least 12 hours and 47 minutes per day. 
Therefore, daily production should be managed in two 8 hours shifts. 
11.3. Long-term return 
 
As was mentioned in previous chapters, process of hydraulic pipes moulding 
cannot be done by human power. This can be considered as a situation where 
automation is manly intended for replacing heavy manual work because the worker is 
not able to do its work continuously in a longer period. Therefore, the economy long-
term return stands on the second place. 
For the long-term return calculation is necessary to know the profit per one 
piece of product. It is not still decided if the project will be realized. Therefore, no 
information about economical aspects of hydraulic pipes technology was provided 
and it is difficult to evaluate or at least estimate how profitable is this technology. 
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12. Conclusion 
 
The main objective of this master thesis was design of robotic cell for hydraulic 
pipes moulding. In the beginning, the moulding technology was introduced and there 
were also explained reasons for technology automation. This was considered as a 
situation where automation is manly intended for replacing heavy manual work 
because the worker is not able to do its work continuously in a longer period.  
According to technology analysis results, the robot end effector was developed 
and an end-effector prototype was assembled (in BB Prag) for testing purposes. A 
functional robot end-effector design relieves technology automation. The robot Kuka 
KR-16 had the most balanced properties and lowest price and therefore it was 
selected as the most sufficient option for intended task. 
Special effort was devoted to the design of workholding device. The simple 
construction ensures a reliable function. This concept is satisfactory but there is still 
place for further improvement. Two workholding devices are placed on the tool plate 
attached on the two-station rotary indexed turntable. The tool plate dimensions were 
designed to guarantee safety distance between the robot and the worker. 
The cell safety was taken into consideration from the beginning of the design 
process and therefore it was possible to find simple solution how to eliminate a 
potential safety hazards. The cell safety solution is based mainly on the following 
safety standards: ČSN EN ISO 14121-1/2, ČSN EN ISO 13 849-1 and ČSN EN ISO 
10218-1. An operator’s workplace is protected by two light curtains Sick C4000 Eco 
and a wire fence. The gate to workcell is protected by electromagnetic safety lock 
Schmersal AZM 161. Safety distances between curtain and protected areas were 
calculated according to ČSN EN 999. 
The cell activity was simulated. The cycle time was one important result and it 
was also confirmed, that robot is able to follow the trajectory necessary for moulding 
of forming frame prototype. 
In the last chapter, the cost breakdown is solved. The economy long-term 
could not be calculated properly, because there were not enough information about 
the processes. The customer was not willing to provide specific (private) information 
for economy evaluation in this stage of design process. However, it stands on the 
second place as explained in reasons for technology automation. 
The cell control and an operating principle were described in the cell guide in 
appendix 1. In appendices, there are also included 2D version and 3D version of cell 
layout, cell wiring scheme and drawings of turntable assembly and workholding 
device assembly. The results from simulation and results from practical test in 
Blumenbecker Prag. robotic laboratory are included on the enclosed CD. 
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14. List of used symbols, shortcuts and quantities 
 
C  Distance of incursion before presence of the object registered mm  
oiC  Additive distance for a curtain with resolution 14mm mm  
d  Safety equipment resolution mm  
f  Friction coefficient between a clamp and a pipe N 
1CF  Clamping force N 
SHF  Force acting against shifting N 
K  Human body approach velocity 1smm −⋅  
S  Minimal distance between a safety equipment and hazardous area mm  
1S  Safety distance between turntable and outer curtain mm  
2S  Safety distance between robot operating area and inner curtain mm  
T  Time to stop s  
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Appendices 
 
A - Printed 
 
Appendix  1: The cell guide 
 
Appendix  2: Cell 3D layout 
 
Appendix  3: Cell 2D layout with main dimensions 
 
Appendix  4: Cell wiring schematic diagram 
 
Appendix  5: Turntable assembly 
 
Appendix  6: Workholding device assembly 
 
 
B – Electronic only 
 
Appendix  7: Simulation screenshots 
 
Appendix  8: Laboratory test videos 
 
 
 
 
